INTRODUCTION
In mammalian cells the inactivation of the ubiquitous second messengers cAMP and cGMP is achieved by no less than 11 different families of the class I phosphodiesterases (PDEs). These families differ in substrate specificities, endogenous 4 highly conserved metallo-ß-lactamase domain of the 73 kD factor.
EXPERIMENTAL PROCEDURES
Cell growth and development D.discoideum strain NC4 was grown in association with Klebsiella aerogenes on SM agar plates and all other strains were grown in HL5 medium, which was supplemented with 200 µg/ml uracil for ura-strain DH1 (17) and with 200 µg/ml G418 for AX2 cells transformed with YFP or PdeE-YFP constructs. For developmental time courses, cells were harvested from bacterial plates or growth medium, washed with 10 mM NaH 2 PO 4 / K 2 HPO 4 buffer pH 6.5 (PB), plated at variable cell densities on PB agar (1.5% agar in PB) and incubated at 22 o C.
Gene identification
The Dictyostelium genome and cDNA databases were screened with consensus sequences for cyclic nucleotide binding motifs. Two candidate genes, PdeD (10) and PdeE were identified. PdeE was assembled after several cycles of database screening, yielding the complete coding sequence and 5'UTR with at least 5-fold coverage. The gene is part of the recently published sequence of chromosome II (18) and was also identified by other workers (11) . Similar to PdeD, PdeE showed an ORF with 2 PFAM cNMP binding motifs (19) , when analysed with SMART (20) and the sequence upstream of the ORF was interrupted by two short AT-rich regions. To determine whether these regions were introns, oligonucleotides were designed that flanked the two regions 
PdeE-YFP fusion constructs
The complete PdeE ORF was amplified by PCR using the Advantage TM genomic PCR kit (BD Biosciences Clontech, Palo Alto, USA) and oligonucleotides CGGGGATCCAATTCTAAATATGGGGATAACATTATAGATTTTC and GGGCTCGAGTTAAACCTTCAATTGGATAAACTTTTCTTGG that generate 5=BamHI
and 3=XhoI sites. The BamHI/XhoI digested PCR product was cloned into the BamHI/XhoI digested vector pB17SYFP, which is a derivative of pDXA-HC (24) , that contains the coding sequence for enhanced yellow fluorescent protein (YFP) (25) downstream of the constitutive actin15 promoter. The construct yields a 1335 aa fusion protein with YFP (239 aa) at the C-terminus of PdeE (1096 aa), in which the C-terminal 
cAMP relay and cAMP-induced cGMP response
Cells, starved for 8 hours, were resuspended in PB to 10 8 cells/ml and stimulated with 0.1 µM cAMP for the cGMP response and with 5 µM 2'deoxycAMP in the presence of 5 mM DTT for cAMP-induced cAMP production (cAMP relay). Aliquots of cell suspension were rapidly mixed with an equal volume of 3.5% perchloric acid (v/v) at various intervals after stimulation. After neutralization of the lysates with KHCO 3 , cGMP levels were measured by radio immuno assay and cAMP levels by competition with 3 HcAMP for binding to bovine PKA regulatory subunit (27) . 
Immuno-precipitation

RESULTS
Structure and developmental regulation of PdeE
Screening of Dictyostelium cDNA and genome databases with consensus sequences for cyclic nucleotide binding motifs yielded two novel genes of similar structure, PdeD (10) and PdeE, which were also identified by others as gbpA and gbpB (11, 13) . PdeE is transcribed into a 3.4 kb mRNA and shows low expression during growth and a very pronounced peak at 8-10 h of starvation, when cells are aggregating (Fig. 1A ). This peak was not found for gbpB expression in earlier work (11) , which may be due to the fact that the 4 hour interval used by these workers between successive points in the developmental time course was too large.
The 1096 aa PdeE protein can be subdivided into an N-terminal region, with no homology to known proteins, a middle region, which contains the metallo-ß-lactamase domain that is common to a number of hydrolases (28) , and a C-terminal region containing two cyclic nucleotide binding (cNMP) motifs (19) (sites A and B in figure 1B ).
PdeD has a similar domain architecture and encodes a cGMP-stimulated cGMPphosphodiesterase (10, 13 (29) . In addition, insertions of 2 and 7 amino-acids preceed this key residue in sites A and B respectively. Additional residues at this position are absent in all characterized cNMP binding proteins.
Search for putative functional homologues of PdeD and PdeE
The PFAM metallo-ß-lactamase domain contains the HxHxD sequence, two more conserved His residues and one Asp/Cys residue (19) . These residues can bind one or two Zn 2+ ions that are essential for catalysis (12, 31) . The metallo-ß-lactamase domain is also present in the well characterized enzyme glyoxalase II (32) and in a variety of other proteins, which usually function as hydrolases (33) . Class II cAMP-PDEs, such as Dictyostelium PdsA, also contain the HxHxD sequence, but do not otherwise conform to the PFAM metallo-ß-lactamase domain (19) . PdeE and PdeD do conform, but have little else in common with any enzymes of known substrate specificity that carry this domain, or with the class II PDEs. The closest homolog of PdeE outside Dictyostelium is a
Bacillus halodurans protein (BH3002) of unknown function (34). The homology between
PdeE (magenta) and showed the motif FxFFxT/SxHxxPxxxxxxExxGxxxxYS/TxD ( Fig   1D) . When Genbank was searched with this motif, a class of highly homologous proteins was detected. These proteins also carried the HxHxD motif of the metallo-ß-lactamase domain upstream of the search motif and were either 73 kD subunits of the premRNA cleavage and polyadenylation specificity factor (CPSF) (15), or uncharacterized bacterial proteins (Fig. 1D ). CPSF73 is one of a complex of factors, that binds to the RNA sequence AAUAAA and causes 3' endonucleolytic cleavage and addition of the polyA tail a few bases downstream from this sequence. Another factor in the complex, CPSF100 (35), harbours a degenerate metallo-ß-lactamase motif, which does not display the region of homology to PdeD and PdeE. CPSF100 also lacks an essential residue for binding to Zn(I). Despite the fact that all components of the polyadenylation complex have been cloned, the 3'endonuclease has not yet been identified (16, 36) . Because 3'endonucleases cleave 3'nucleotide phosphodiester bonds as is the case for PdeD and PdeE, we consider it likely that CPSF73 may provide the 3'endonuclease activity. The bacterial homologs may likewise be 3' nucleotidases.
Disruption of the PdeE gene
The PdeE gene was inactivated by homologous recombination in the ura-strain DH1
to generate cell line pdeE. Construct integration was verified by 2 separate PCR reactions and Southern analysis of genomic digests ( Fig. 2A) . Three randomly selected knock-out (KO) and random integrant (RI) clones were compared in analysis of phenotypes. Growth and developmental morphology on bacterial plates of the KO and RI clones was identical (Fig. 2B ). We also could not distinguish differences in growth rate in axenic cultures or in the morphology and rate of development of cells plated on PB agar at cell densities of 10 4 , 10 5 and 10 6 cells/cm 2 (data not shown).
Similar to its homolog PdeD, PdeE is likely to encode a cytosolic cyclic nucleotide hydrolysing activity. We therefore tested whether such an activity might be lacking in the KO cell lines during the course of their development. Assays were performed in cleared lysates in the presence of DTT and IBMX to inhibit the PDE activities of PdsA, RegA and PDE3 (5, 7, 37) . Figure 3A shows that in the control cell line RI1 cytosolic 3 HcAMP hydrolysing activity increased strongly to reach a peak at 8 hours of starvation. The activity persisted at low levels during the slug stage of development and was completely absent in the pdeE null mutant KO2. There was no significant difference in 3 HcGMP hydrolysis between the KO and RI cell lines (Fig. 3B ), which suggests that PdeE encodes a cAMP phosphodiesterase. We next analysed the dose-dependency of the cAMP-PDE activity that was detected at t=8 h in the control RI cells. Figure 3C shows that 3 HcAMP hydrolysis in the control cells is stimulated by micromolar concentrations of cAMP, while competition only occurs at millimolar concentrations. This does not resemble the dose-dependency of the known cAMP-PDEs, PdsA and RegA, in Dictyostelium, which have K M =s of 10 µM and 5 µM respectively (5, 6, 38) .
Effects of PdeE gene disruption on cyclic nucleotide responses.
The developmental regulation of putative PdeE activity agrees well with the appearance of PdeE transcripts, with maximum levels at the aggregation stage ( accumulate cAMP for a longer period, resulting in about 1.5-fold higher cAMP levels (Fig. 4B ). These data suggest that PdeE has no function in degrading cGMP, but may play a role in regulating the cAMP relay response.
Overexpression of a PdeE-YFP gene fusion.
To provide further evidence that PdeE encodes the cAMP hydrolyzing activity that is lacking in the pdeE null mutants, we fused the full length PdeE gene to the gene for enhanced yellow fluorescent protein (YFP) (25) and expressed the fusion construct under control of the constitutive actin15 promoter (A15) in the wild-type strain AX2. 3 HcAMP hydrolysis in growing PdeE-YFP cells was 100 times higher than in control YFP cells (Fig. 5A ). The YFP cell line developed normally into fruiting bodies within 22 hours, but the PdeE-YFP line was blocked in early development (Fig. 5B ).
PdeE activity in the overexpressors (2.2 nmol/min.mg protein) is about 30-fold higher than the maximum activity reached during development of control cell lines (see figure   3A ) and this could lead to significant depletion of intracellular cAMP. Early development and aggregation show a cell-autonomous requirement for PKA activation (39, 40) and a non-cell autonomous requirement for oscillatory cAMP signalling (41) . Overexpressed
PdeE could hydrolyse most of the intracelular cAMP and block either or both of these processes. To test whether defective development in the PdeE-YFP cells was cellautonomous, we developed the cells in synergy with the wild-type AX2. Figure 6A shows that the PdeE-YFP cells (detected by YFP fluorescence) co-aggregated with the AX2 Figure 6B shows that the relay response in the PdeE-YFP cells is very strongly reduced.
Metal and pH dependence of PdeE.
To establish optimal assay conditions for PdeE and its ortholog PdeD, we determined the pH and metal dependence of the two enzymes. Figure 7A shows that the pH dependence of PdeD and PdeE is almost identical with optimal activity at pH 7.0.
The catalytic activity of PdeD resides in its metallo-ß-lactamase domain (10) , which requires the binuclear Zn 2+ binding motif for hydrolysis (12, 32 
Cyclic nucleotide specificity of PdeE.
The experiments shown in figure 3 indicate that PdeE is not a major contributor to 3 HcGMP hydrolysis by cytosolic cell fractions. This does not exclude cGMP as a putative PdeE substrate. We compared the efficiency of hydrolysis of 3 HcAMP and 3 HcGMP by PdeE-YFP at increasing substrate concentrations and we also determined whether 8BrcAMP is an equally good activator for PdeE as 8BrcGMP is for PdeD (10) . Figure 8 shows that 3 HcAMP hydrolysis by PdeE-YFP was strongly stimulated by cAMP with halfmaximal activation occurring around 10 µM. Competition by cAMP was halfmaximal around 1 mM. The absolute level of stimulation was somewhat higher than observed for the endogenous enzyme (Fig. 3C ). This could be to the fact that the endogenous enzyme, because of its low activity, must be measured in concentrated lysates, which may contain some cAMP. cGMP and 8BrcAMP activated 3 HcAMP hydrolysis less efficiently than cAMP and required 10-fold higher concentrations.
When 3 HcGMP was used as substrate, the rate of hydrolysis was at least 6 times lower than for cAMP over the entire concentration range. These data suggest that PdeE most likely functions as a cAMP-stimulated cAMP-phosphodiesterase.
DISCUSSION
The role of PdeE in Dictyostelium development.
We characterized a cAMP-stimulated cAMP phosphodiesterase, that is expressed at high levels in aggregating cells. Ablation of the PdeE gene has no noticable effects on growth and aggregation, but overexpression of PdeE blocks aggregation completely.
This effect is not cell-autonomous, because PdeE overexpressors will aggregate when mixed with wild-type cells. The cAMP-induced cAMP relay response, which is essential for chemotactic signal propagation during aggregation, is strongly reduced in PdeE overexpressors. This is the most likely cause for their failure to aggregate. Mutants defective in adenylyl cyclase A (ACA) or CracA, the adenylyl cyclase and its activating factor that are required for cAMP production, can also only aggregate in synergy with wild-type cells (41, 42) . The pdeE null mutant shows a 1. cAR mediated adaptation of ACA does not require cAMP production by ACA (47) , which rules out the possibility that the cessation of cAMP accumulation is solely due to a cAMP-stimulated PDE. However, PdeE, RegA and cAR-mediated ACA adaptation may act together to terminate cAMP relay. This would make the oscillatory signaling system very robust, but difficult to characterize by a single genetic lesion. 
Cyclic nucleotide specificity of PdeE.
Similar to PdeD, PdeE is an allosteric enzyme that is stimulated by its substrate. The K A and K M 's for cAMP lie around 10 :M and 1 mM respectively. cGMP is degraded at a 6-fold lower rate then cAMP and also activation is much less pronounced. Other workers recently reported that cGMP was degraded at a 9-fold lower rate and required 3 times higher concentrations for activation than cAMP (54). Their K A and K M for cAMP was at 0.7 :M and 0.2 mM somewhat lower than found by us, which could be due to the use of different parental strains (AX3 versus AX2) that were used in the two studies. The PdeE fusion with YFP may in our case also have slightly altered the kinetics of the enzyme.
For the cGMP-stimulated cGMP-PDE, PdeD, allosteric activation can be satisfactorily explained from the domain architecture of the protein. The metallo-ß-lactamase domain harbours the cGMP hydrolytic activity (10) and the first of the two carboxyterminal cNMP binding motifs shows the consensus cGMP binding motif, that is found in the cGMP dependent protein kinases (10, 11, 29) . PKA and PKG bind 8Br-substituted ligands with equal or greater affinity than cAMP or cGMP itself, because the bulky bromine forces the molecule in the syn conformation (purine above ribose) that is preferred by the binding site (50, 51) . In agreement with this, 8BrcGMP is a better activator for PdeD then cGMP itself, while cAMP does not activate at all (10, 52) .
For PdeE the situation is less straightforward. The PdeE cNMP binding motifs both show the characteristic serine residue that confers specificity for cGMP rather than for cAMP (Fig. 1C) . Nevertheless, cAMP is a more efficient activator of PdeE than cGMP.
In addition, 8BrcAMP is a poor activator of PdeE activity. Furthermore, the PdeE cGMP binding motifs show severe deviations from the consensus motif and it is questionable whether they can bind cGMP or cAMP at all. It is therefore possible that allosteric activation of PdeE is not provided by these motifs. 
